SUMMARY. Calcium binding to cultured whole cell monolayers, to their membranes made by "gas dissection,' and to sarcolemmal vesicles from canine heart, is measured as a function of pH from 5.5-8.5. The effects on binding are compared to the contraction response of the cultured cells over the same pH range. All responses to pH, including calcium binding and contraction, are well described (r = 0.98-0.99) by a relation in which calcium binding depends primarily upon the extent of ionization of sarcolemmal binding sites. The effect of pH on calcium binding to phospholipid extracted from sarcolemmal vesicles suggests that the phospholipid accounts for at least 75% of the binding. The extent of ionization of the sites is pH-dependent and predicted by a form of the Henderson-Hasselbach relation with pK of the putative sites between 6.60 and 7.15. As pH increases from 5.5-8.5, membranous calcium binding, cellular calcium uptake, and contraction amplitude increase proportionally. Cellular calcium uptake increases by 4.4 mmol/kg dry weight cells (0.75 mmol/kg vvet weight). Sixty percent to 65% of this increment is rapidly exchangeable and lanthanum displaceable, indicative of sarcolemmal localization. The remainder enters a slowly exchangeable (tv, = 26 minutes) compartment not directly related to support of contraction. The study supports the hypothesis that calcium bound to sarcolemmal sites plays a critical role in control of myocardial contraction. The pK (6.60-7.15) found to produce the best fit for ionization of sarcolemmal groups and for the effect on contraction suggests that the sites may be amino groups located on a zwitterionic phospholipid. As these groups are neutralized (-NH + 3-* -NH 2 + H + ) as pH increases, they would no longer shield, intra-or intermolecularly, the negatively charged phospholipid acidic groups which would then be available to bind calcium. (CircRes 57:374-382, 1985) 
SUMMARY. Calcium binding to cultured whole cell monolayers, to their membranes made by "gas dissection,' and to sarcolemmal vesicles from canine heart, is measured as a function of pH from 5.5-8.5. The effects on binding are compared to the contraction response of the cultured cells over the same pH range. All responses to pH, including calcium binding and contraction, are well described (r = 0.98-0.99) by a relation in which calcium binding depends primarily upon the extent of ionization of sarcolemmal binding sites. The effect of pH on calcium binding to phospholipid extracted from sarcolemmal vesicles suggests that the phospholipid accounts for at least 75% of the binding. The extent of ionization of the sites is pH-dependent and predicted by a form of the Henderson-Hasselbach relation with pK of the putative sites between 6.60 and 7.15. As pH increases from 5.5-8.5, membranous calcium binding, cellular calcium uptake, and contraction amplitude increase proportionally. Cellular calcium uptake increases by 4.4 mmol/kg dry weight cells (0.75 mmol/kg vvet weight). Sixty percent to 65% of this increment is rapidly exchangeable and lanthanum displaceable, indicative of sarcolemmal localization. The remainder enters a slowly exchangeable (tv, = 26 minutes) compartment not directly related to support of contraction. The study supports the hypothesis that calcium bound to sarcolemmal sites plays a critical role in control of myocardial contraction. The pK (6.60-7.15) found to produce the best fit for ionization of sarcolemmal groups and for the effect on contraction suggests that the sites may be amino groups located on a zwitterionic phospholipid. As these groups are neutralized (-NH + 3-* -NH 2 + H + ) as pH increases, they would no longer shield, intra-or intermolecularly, the negatively charged phospholipid acidic groups which would then be available to bind calcium. (CircRes 57:374-382, 1985) A COMPONENT of cellular calcium (Ca ++ ) that is rapidly exchangeable plays a significant role in the control of force development in heart muscle. There are now a number of studies which indicate that a large fraction of this Ca ++ is bound to sites on or within the sarcolemmal membrane: (1) The curve that relates [Ca ++ ] o (50 MM to 10 MW) to force development and that which relates [Ca++] o to Ca ++ bound to a highly purified sarcolemmal fraction are superimposable (Bers and Langer, 1979; Bers et al., 1981) . (2) The ability of a series of cations (La +++ , Cd ++ , Mn ++ , Mg ++ ) to uncouple excitation from contraction is the same as their relative ability to displace Ca ++ from sarcolemma (Langer et al., 1974; Langer and Nudd, 1983) . (3) Polymyxin B, a highly charged catioruc amphiphilic peptidolipid, specifically competes for Ca ++ -binding sites on anionic and zwitterionic phospholipid (Teuber and Miller, 1977; Sixl and Galla, 1981) . It is a potent displacer of Ca from whole myocardial cells and purified sarcolemma and a potent uncoupler . (4) Phospholipase D (PLD) cleaves the nitrogenous base from sarcolemmal phospholipids with the production of anionic phospharidic acid. PLD treatment increases Ca ++ bound to whole, cells (Burt et al., 1984) and to purified sarcolemma (Langer and Nudd, 1983) and increases force development of ventricular tissue from both neonatal rat (Burt et al., 1984) and adult rabbit (Langer and Rich, 1985) by 80-150%. (5) Finally, charged amphiphiles, used as phospholipid analogues, modulate interaction of calcium with myocardial sarcolemma (Philipson et al., 1984) . The amphiphiles are dodecyl sulfate (DDS), dodecyltrimethylamine (DDTMA), and laurylacetate (LA)-with anionic, cationic, and neutral head groups, respectively. The 12-carbon hydrophobic alkyl chain that inserts in the bilayer is identical in each case. Concentrations used are below those which induce micelle formation and permeability changes in the sarcolemma. Anionic DDS (50-100 MM) increases Ca** bound to sarcolemmal vesicles by more than 80% and increases force development in rabbit papillary muscle by 100%. Catioruc DDTMA (20-100 MM) produces a smaller but negative effect on binding and decreases contractile force by 70%. Neutral LA (100 MM) produces negligible effects on binding and force development.
Langer/pH Effect on Ca Binding and Force
These recent studies lend support to the concept that Ca ++ bound to sarcolemma, probably to anionic or zwitterionic phospholipid, plays a crucial role in the control of myocardial contractility. The Ca ++ binding to phospholipid would be expected to be at the anionic sites of the molecules-the carboxyl and phosphate groups in the hydrophilic ends of the phospholipids. These acidic groups, as well as basic amine groups in the hydrophilic portion, will be more or less dissociated, dependent upon pH at the sarcolemmal surface. It would, therefore, be expected that, if these groups play a significant role in Ca"1"1" binding to phospholipid, this binding would vary dependent upon pH at the membrane surface.
The present study examines the effect of changing pH, in the range 5.5-8.5, on Ca ++ binding to cultured myocardial cells, to sarcolemma prepared from these cells, and to sarcolemma prepared from canine myocardium. The effect of pH variation on contraction amplitude of the cultured cells is also measured. The results indicate that an ionizable site or sites in the sarcolemmal membrane with an apparent pK in the range of 6.60-7.15 is important in control of calcium binding to the membrane and, consequently, in control of force development.
Methods

Calcium-Binding Studies
Whole Cells
The technique for on-line measurement of isotopic exchange of cultured monolayer myocytes has previously been described in detail (Frank et al., 1977; Langer et al., 1981) . Cells from 2-to 4-day-old neonatal rats are cultured (Harary and Farley, 1963; Blondel et al., 1971 ) on each of two disks composed of polystyrene combined with scintillant (Bicron Corp.). The surface of the disks is treated with the Primaria process by Falcon to improve adhesiveness of the cells. After 3-4 days of culture, the cells are 80-90% myoblastic, confluent, and beating synchronously.
For 45 Ca studies, the disks are mounted in a specially designed flow cell such that the disks form a portion of each side of the flow cell chamber. The surfaces to which the cells are attached are directed inward so as to be perfused by the fluid flowing through the chamber of the flow cell. The flow cell, with disks in place, is inserted into the well of a modified Beta-Mate II spectrometer (Beckman Instruments) so that the disks are within 4-5 mm of the spectrometer's opposed photomultiplier tubes. With the flow cell in place, perfusate enters through four ports and is directed over the surface of the cell monolayer attached to the scintillator disks. Effluent exits through a single port at the top of the flow cell. The standard perfusate had the following composition (mm): NaCl, 133; KC1, 3.6; CaCl^ 1.0; MgCL 0.3; glucose, 16.0; Tris-maleate, 5.0. pH was adjusted within the 5.5-8.5 range by the addition of concentrated NaOH or HC1 to the standard perfusate. For isotopic studies, 45 Ca (New England Nuclear) was added at 1.0 /iCi/ml (1.0 / zCi / Mmol +++ 40 Ca). For Ca displacement, lanthanum ( L a ) at 1.0 nun concentration was used. Experiments were done at ambient temperature, 23-24°C.
With the disks in place in the flow cell and the flow cell inserted in the spectrometer, the monolayers are perfused for 30 minutes with non-isotopic standard perfusate. With 45 Ca as the isotope, both cellular uptake and washout can be followed continuously. This is because the relatively low energy ^-emission of 4! Ca is largely quenched by the perfusion solution, while the 45 Ca uptake of the adherent monolayer counts with an efficiency of 44%. Although the 45 Ca in solution is heavily quenched, its volume in the flow cell is 5 ml, and it contributes, during cell labeling, about 10 s counts/min. The count level is, however, stable over hours of perfusion. Given this stability and the fact that the Primaria-treated disks do not bind calcium, changes in cellular binding or uptake of ± 500 counts/min (±5 x 10" 10 mol calcium/2 disks) can be easily measured. The system is even more sensitive during washout of cells when the background attributable to the chamber falls rapidly to less than 200 counts/min.
At the completion of isotopic labeling or washout, the disks are removed from the flow cell, the surfaces briefly rinsed to remove unbound isotope, and the cells scraped onto a 10-to 15-mg piece of predried, weighed Millipore filter. The cells are then dried at 100°C and the dry weight is obtained. Labeled calcium is reported as mmol/kg dry weight cells. The unique aspect of the technique is the growth of the cells directly on the isotopic detector (the scintillator plastic disks). This permits continuous counting of 45 Ca uptake and washout of the cellular layer on-line with each preparation as its own control.
"Gas-Dissected" Membranes
Sarcolemmal membrane is prepared directly from the cellular monolayer on the scintillator disks by the process of 'gas dissection' described in detail previously (Langer et al., 1978; Langer and Nudd, 1983) . After membrane preparation, the scintillator disks, with the tightly adherent membranes, are mounted in the flow cell and perfused exactly as described for whole cells. The absorption of 45 Ca emission by the thin membrane layer is less than that for the whole cells so that counting efficiency for 45 Ca bound to the membrane layer is 51%.
Ca** Binding to Sarcolemmal Vesicles
Sarcolemma was isolated from canine ventricles as described previously (Frank et al., 1984) . To measure Ca*" 1 ' binding, 0.005 ml of KC1 (140 ITIM) -loaded sarcolemmal vesicles (~2 mg/ml) were diluted into 0.25 ml of medium containing 140 mM NaClz, 0.5 min CaCli, 0.5 /tCi "CaCl1 0 mM Tris-maleate at variable pH (37°C). After 4.0 minutes, the vesicles were harvested by Millipore filtration (0.45 wn) and rapidly washed with 2 x 0.7 ml H 2 O. All solutions were at 37°C. These techniques have been discussed in detail elsewhere (Philipson et al., 1980a) .
Vesicles were formed from phospholipids extracted from sarcolemma as described previously (Philipson et al., 1980b) . Ca ++ binding to these vesicles was measured as described above, except for the use of 0.22-instead of 0.45-//m Millipore filters. In order that Ca** bound to the extracted phospholipid be expressed per mg protein, a sample of sarcolemma from that to be extracted was analyzed for protein prior to extraction. This value then was used to calculate 'phospholipid binding/mg protein. Any loss of phospholipid during extraction will cause the value to be underestimated.
Contraction Amplitude
A culture disk to which the cells were attached was fixed to a moveable stage. The stage was attached directly to the lens of a phase-interference microscope mount to reduce differential movement of lens and dish. Platinum electrodes were separately mounted on a micromanipulator so that the electrodes spanned the group of cells being stimulated. Stimulation was provided by a Grass S5 with a voltage follower to drive the low impedance electrode.
The image of a selected cell was passed from an inverted Nikon 40 X variable focal length objective lens directly via a tube to a conventional EIA video camera. The final magnification on the video screen was 1800X. Enhancement of the cell border was accomplished by video subtraction, i.e., by mixing of the positive and negative video signals through an amplifier. After selection of a cell, the video camera was rotated so that the movement of the cell border was vertical on the TV screen.
To reduce drift and instability, the recorded signal was not derived from an analog position detection device. The scanning dot that forms the raster displays the moving cell border 60 times per second. Since the scanning dot moves at a fixed rate, the time required for it to intersect the edge of the cell varied as the edge moved. The passage of the dot is recorded by a photocell mounted in close apposition to the TV screen. The time variation was then converted to voltage by a 'time-to-height converter," filtered, and the voltage recorded on a Hewlett-Packard 7402 direct-writing oscillograph.
The solution bathing the cells was withdrawn by suction through a tube that extended to the bottom of the dish. Solution was replaced via pipette. The solution change required approximately 5 seconds.
Results
Effect of pH on Cellular
45
Ca Exchange Figure 1 Ca-labeling experiments were carried out at a perfusion rate of 10 ml/min through the flow cell. At this rate, 8-10 minutes are required for a complete turnover of flow cell content. Following demonstration of a fixed level of counts at pH 5.5, the pH of the perfusate was changed in increments of 0.5 pH unit up to pH 8.5. Note that after a pH change, counts increased, and then stabilized during the last 10 minutes of the 20-minute period. In other experiments it was demonstrated that, after the 8-10 minutes required for flow cell turnover, 45 Ca counts reached a new asymptote level at each pH and remained at this level as long as pH was unchanged. In Figure 1 , linear regression analysis of the Ca counts of the last 10 minutes at each pH level from 5.5-8.5 showed that the ordinate (y) intercept did not differ from the mean count level for the 10-minute period by more than 0.14%, and that at each pH level the slope was zero for the last 10-minute period. Ca uptake increased with each 0.5-unit pH change, but the increase diminished at higher pH levels coming to near saturation at pH 8.5. In the experiment illustrated, Ca activity increased by 7020 counts/min as pH was elevated from 5.5-8.5. This represents an increase in Ca uptake for these cells of 8.4 nmol. The dry weight of cells on these disks was 1.7 mg. Therefore, the increment in Ca*"" was 4.94 mmol/kg dry weight. In a total of 12 experiments, the mean (±11 SE) increment in Ca""" uptake between pH 5.5 and 8.5 was 4.44 ± 0.56 mmol/kg dry weight cells.
After exposure to pH 8.5 for 20 minutes, the perfusate was switched to one of pH 5.5 with La, 1.0 mM. Over 20 minutes, there occurred a loss of 4210 counts/min or 60% of the total gain associated Langer /pH Effect on Ca Binding and Force with the prior pH elevation (Fig. 1) . This represented 2.95 mmol Ca^/kg dry weight. In 12 experiments, exposure to solution of pH 5.5 with 1.0 mM La" 1 " 1 " 1 " produced a Ca""" loss of 3.25 ± 0.47 mmol/kg dry weight after prior elevation of pH to 8.5. In another series of six cultures 1.0 ITIM La +++ was added to perfusate of pH 5.5 after the cells had been labeled with 45 Ca at pH 5.5 and without the cells having been exposed to higher pH. The displacement of Ca in this series was 0.52 ± 0.09 mmol/kg dry weight. Subtraction of this value from the loss produced after exposure to 8.5 (3.25 mmol) leaves 2.73 mmol. This represents the amount of Ca ** displaced from the increment (4.44 mmol) induced by pH elevation from 5.5-8.5. This displacement is 61% of the increment and indicates that 39% of the increment is not La-displaceable.
The action of La +++ is to displace sarcolemmalbound calcium (see Fig. 4 below) and subsequently inhibit cellular efflux so that other compartments of more slowly exchangeable Ca" 1 " 1 " are 'trapped. * As noted above, this 'trapped component' is estimated to be approximately 40% of the increment that occurred upon increase of pH to 8.5. The experiment illustrated in Figure 2 confirms this distribution. At 35 minutes, pH was increased from 5.5-8.5 and the 45 Ca response followed to a new asymptote level at 70 minutes. At this time, pH was returned to 5.5, and over 30 minutes 56% of the increment was lost, leaving 44% in the tissue. In four experiments of this type, 56 ± 5% of the increment was reversible over 20-30 minutes. As noted previously, the rate of 45 Ca exchange is limited by the perfusion rate (10 ml/min) during these labeling experiments. To define further the kinetic distribution of the increment in Ca produced by elevation of pH from 5.5-8.5, a series of four cultures was again labeled with 45 Ca at pH 5.5, followed by labeling to an asymptotic level at pH 8.5. Washout was then done with nonisotopic solution at a flow rate of 26 ml/min at pH 5.5 (no La present). The t w of flow cell turnover o o 377 at this rate is less than 20 seconds. The washout pattern of disks with cells attached and disks without cells (blank) is shown in Figure 3 . The blank washout reaches background level (120 counts/min within 3-4 minutes. Subtraction of the blank background counts from the counts from the cells plus blank from the 4th to 30th minute of washout gives the cellular washout (solid line in Fig. 3 ). This is a monoexponential with a rate constant (X) of 0.024/ min (t% = 28.8 min). The zero time intercept of this component (1300 counts/min) indicates its isotopic content at the end of the isotopic labeling at pH 8.5, which, in the experiment illustrated, represents 1.91 mmol Ca^/kg dry weight cells. The increment in Ca ++ produced by elevation of pH to 8.5 during the labeling period was 5.20 mmol/kg dry weight. Thus, the slow component represents 37% of the increment produced by the increase of pH in this experiment. The remaining fraction of 63% exchanged rapidly within the first 3 minutes of the washout. In the four experiments, the slow component accounted for 32.3 ± 2.0% of the increment with a mean rate constant of 0.027 ± 0.001/min (t* = 25.7 minutes). It was proved that the slow component is not La accessible by addition of 1.0 mM La"""" to the washout solution at the 12th minute. In three additional experiments, this produced no displacement of Ca, but only slowed the subsequent Ca washout rate. This result confirms the conclusion that La displaces none of the Ca""" in the slow component, but only rapidly inhibits its exit from the cell. It should be emphasized that the slowing of Ca efflux by La is as rapid as its effect on e-Ca displacement in the flow cell system used in this study. This, in addition to the obvious displacement of Ca from isolated membranes by La (see below), is not consistent with the interpretation (Barry and Smith, 1982 ) that ++La"""" displacement of Ca i n f l uxt hanCa from whole cells is only an 'apparent' one, due to a more rapid depression of Ca influx than efflux. Figure 4 shows a continuous recording of 45 Ca uptake by *gas-dissected' membranes on the scintillator disks performed in exactly the same manner as for the cells. In the experiment illustrated, " with whole cells in a small series because an unknown fraction of cells is lost in the process of 'gas dissection.' The pattern of response in eight membrane preparations to increased pH was, however, similar to that of the whole cells.
Effect of pH on Membrane ^Ca Exchange
The response to La +++ was in all cases different from that of whole cells. As illustrated in Figure 4 and in the remaining seven experiments, La displaced greater than 100% of the increment in * 5 Ca uptake. This indicates that all of the Ca" Figure 6A shows the relative amplitude of cell border excursion as affected by changing pH in 1 of 12 experiments. Amplitude was stable at each pH level. It fell to 30% at 6.0 as compared to 8.5, and recovered fully to the level previously recorded at 7.5. The time required for the fall in contractile response to be established is shown in Figure 6B . The cross-hatched areas below the record indicate the time required for perfusate to be changed from pH 8.0 to 5.5 and from 5.5 to 8.0, between 5 and 6 seconds. Upon lowering pH, contraction ceased essentially instantaneously. At 5.5, only vibrational noise is recorded for 45 seconds until perfusate at 8.0 is resumed. After completion of solution change, contractile amplitude returned to control within 12 seconds. cultures to pH change. In all cultures tested, pH 5.5 eliminated contraction completely, and in four cultures pH 6.0 eliminated contraction. In this series in which 100% amplitude is set at 8.5, 50% amplitude is present at pH 6.6.
Contraction Amplitude
Discussion
It is well recognized that alterations of pH affect virtually all cellular systems which play a role in excitation-contraction (EC) coupling in heart muscle. These systems include the sarcoplasmic reticulum (Fabiato and Fabiato, 1978) , the myofilaments (Blan- chard and Solaro, 1984), Na + -Ca ++ exchange in the sarcolemma (Philipson et al., 1982) , transmembrane Na + current (Yatani et al., 1984) , and Ca" 1 " 1 " current (Vogel and Sperelakis, 1977) and H + -coupled Na + exchange (Frelin et al., 1984) . However, no studies have focused on the effects of pH alteration on sarcolemmal Ca" 1 " 1 " binding or on possible related effects on cellular Ca ++ exchange. The present study is directed to this area. The cultured cell system used seems appropriate for the study, since the contractile response of this system to pH change is complete within the time required to change perfusate (5 seconds, Fig. 6B ). This suggests that an effect at the cell surface or within the sarcolemmal membrane may mediate the functional response of these cells. It is assumed that pH ( would change little, if at all, over this brief period, and is, therefore, not primarily responsible for the contractile response. Therefore, we have compared the contractile response, over the pH range 5.5-8.5, with the 45 Ca uptake of whole cells, their 'gas-dissected' membranes and sarcolemmal vesicles from canine heart over the same pH range. In addition, I examined 45 Ca binding, as affected by pH, to extracted phospholipid from the canine vesicles, to determine whether these major constituents of the sarcolemma play a role in the binding.
In Figure 8 , the contractile response as shown in Figure 7 is reproduced and compared, with 100% set at pH 8.5, to the percent change in cellular 45 Ca uptake and to vesicular and 'gas-dissected' membrane binding. There is a qualitative similarity in the configuration of the curves but with a displacement along the pH axis. Our previous studies (reviewed in the introduction) indicate that sarcolemmal phospholipids (PL) play a major role in Ca ++ binding. In support of this concept is the demonstration that between 75% and 84% of total sarcolemmal binding is accounted for by PL extracted from the membrane (see Fig. 5 ).
If PL is responsible, the Ca" 1 " 1 " binding to these molecules would be dependent upon the state of dissociation of their acidic and basic groups (Seimiya and Ohki, 1973) . This dissociation would, in turn, depend upon the operative pH at the membrane surface according to the relation derived from the Henderson-Hasselbach equation:
( 1) where a is the degree of dissociation. Solving for a,
The curves plotted in Figure 8 are compared with the curves generated by insertion of various pK values for the dissociable groups of PL in Equation 2 in Figure 9 . The 50% values for the curves in Figure 8 vary from 6.60 (contraction amplitude) to 6.85 (cell 45 Ca uptake) to 7.05 (SL vesicle binding) to 7.15 ('gas-dissection' membrane binding) and are the values used for pK in each case. The fit is shown in Figure 9 . The r values derived by linearized regression analysis for pH 6.0-8.0 are between 0.999 and 0.987. Therefore, all of the experimental curves, including cell uptake, membrane Ca ++ binding, and contraction amplitude, are closely fit by a form of the Henderson-Hasselbach equation within a relatively narrow pH range of 0.55 unit. This is consistent with the proposal that Ca*" 1 " binds to dissociable groups of membrane PL, with the extent of dissociation and binding strongly dependent upon pH.
It is of interest that the same formulation which fits membrane binding (Fig. 9 , B and D) also fits quite well for contraction amplitude (Fig. 9C) . The SL vesicle and 'gas-dissected" membrane studies are measurements of binding per se, but contraction amplitude would not be expected, a priori, to be well described by Equation 2. However, it has been ]o in a variety of species (including the neonatal rat) (Bers et al., 1981) . If, then, the degree of dissociation of the putative PL groups determine Ca" 1 " 1 " binding, it follows that the level of contraction would follow the same relationship.
The effect of pH on whole cell 45 Ca uptake is of interest. Thirty percent to 40% of the increment in uptake at pH 8.5 is non-La +++ -displaceable ( Fig. 1 ) and slowly exchangeable (Fig. 2) . Despite the addition to this slowly exchangeable compartment of the cell, Equation 2 based on dissociation-determined Ca ++ binding at the cellular surface, fits quite well (Fig. 9A ). This implies that the degree of surface dissociation and subsequent Ca" 1 " 1 " binding is the primary controlling process in the determination of the degree of loading of the slow compartment. The cellular locus of the slow compartment is unknown, but it clearly does not represent a fraction of cellular Ca ++ directly related to contraction. In the time frame of Figure 3 , a change in contractile amplitude secondary to a change of pH is complete within seconds, whereas the slow compartment exchanges with a t% of 26 minutes.
If PL is a major site for Ca ++ binding, it might be assumed that the acidic -PO«H and -COOH groups of these molecules would be primarily involved. However, the apparent pK values for these groups is reported in the range 3.7-4.0 (Seimiya and Ohki, 1973) . At pH 5.5, these groups would be 97-98% dissociated so that an increase of pH above 5.5 should have little more effect on Ca ++ binding. The present study indicates a large increase in binding above pH 5.5 to sites with apparent pK in the range 7.1-7.2. It has been suggested by Seimiya and Ohki that the mildly alkaline amino group of zwitterionic PL such as phosphandylethanolamine (PE) will dissociate through the higher pH range. As the group is neutralized (-NH + 3 -> -NH 2 + H + ), they proposed that it would no longer shield, intra-or intermolecularly, the negative charge of -PO4H and -COOH groups, and these acidic groups would then be available to bind Ca" 1^. Seimiya and Ohki found a large increase in Ca ++ binding to PE monolayers as pH was increased from 6.5-8.5. PE accounts for 30% of total PL of sarcolemma extracted from rabbit ventricle (Philipson et al., 1980b) and for 36% of sarcolemmal PL from rat ventricle (Tibbits et al., 1981) .
It should be emphasized that the present study examines the possible role of pH-dependent dissociable groups of the sarcolemma in the EC coupling sequence under the condition in which [Ca^Jo has been fixed and pH has been varied. The results (binding and contractile amplitude) are well fit by a form of the Henderson-Hasselbach relation (Eq. 2). Previous studies (Bers and Langer, 1979; Bers et al., 1980) (Langer, 1984) . It is possible, although there is a high degree of correlation when the effect of pH is analyzed in terms of binding (Fig. 9) , that other effects of pH at the sarcolemma might play a dominant role. Vogel and Sperelakis (1977) and Yatani and Goto (1983) have shown that acidosis suppresses the slow inward current (I S i), and have proposed that this may be due to a reduction of surface potential or to protonation of an ionized group of the slow channel; either might be responsible for reduction in ISi and EC uncoupling. The effects on binding would, then, be unrelated. However, it should be noted that if Ca" 1^ bound to sarcolemmal sites plays a role in supply of Ca ++ to the slow channel upon depolarization, the significant loss of this Ca with decreased pH would produce the same negative effects on I s i and coupling.
